Abstract: Erythropoietic protoporphyria (EPP) and the phenotypically similar disease X-linked protoporphyria (XLPP) are inherited cutaneous porphyrias characterized clinically by acute non-blistering photosensitivity, intolerance to sunlight, and significantly reduced quality of life. They are due to marked overproduction of protoporphyrin (PP) chiefly by erythroblasts and reticulocytes. In EPP, the underlying genetic defect is in the ferrochelatase gene, which encodes the final enzyme in the heme synthetic pathway. In XLPP, the genetic defect is a gain-of-function mutation, usually a four-base deletion, in the gene that encodes the enzyme 5-aminolevulinic acid synthase-2, the first and rate-controlling enzyme of heme synthesis in developing red blood cells. The excess PP causes acute and painful photosensitivity, being activated by light in the long ultraviolet to blue spectrum (380-420 nm, the Soret band). Although several treatments have been proposed, presently no very effective treatment exists for EPP or XLPP. Afamelanotide (Scenesse ® ) is a first-in-class synthetic analog of α-melanocyte stimulating hormone. Afamelanotide mimics the naturally occurring hormone to increase skin pigmentation by increasing melanin production in melanocytes, resulting in increased sunlight tolerance in those with EPP/ XLPP. Afamelanotide is currently approved for use in the European Union and Switzerland, and it is under review in the United States by the Food and Drug Administration for use in patients with EPP/XLPP. This paper provides a review of the clinical characteristics and current therapies for EPP/XLPP. We discuss the pharmacology, clinical efficacy, safety, and tolerability of afamelanotide and summarize the results of several key Phase II and III clinical trials. These data indicate that afamelanotide is a promising therapy for those with these debilitating diseases.
Introduction: overview of the epidemiology, etiology, and pathogenesis of erythropoietic protoporphyria
Erythropoietic protoporphyria (EPP, OMIM 177000) is a rare photodermatosis due to an innate defect of heme biosynthesis characterized by excessive production and subsequent accumulation of metal-free protoporphyrin (PP) in erythrocytes, plasma, skin, and liver. [1] [2] [3] [4] It has been described worldwide with an estimated prevalence ranging from 1 in 75,000 to 1 in 200,000. Males and females are equally affected. 5, 6 Classical EPP is characterized by decreased activity of ferrochelatase, the final enzyme in the heme synthesis pathway that inserts ferrous iron into PP to generate heme ( Figure 1 , Table 1 ). The principal source of excess metal-free PP in the plasma and erythrocytes in EPP is erythroblasts and reticulocytes in the bone marrow. 
Notes:
The heme synthetic pathway involves eight enzymes, four of which are active in the mitochondria, and four of which are active in the cytoplasm. 2, 55 The pathway is initiated and completed in the mitochondria. Intermediate steps in the cytoplasm begin with the activity of ALA dehydratase. Open arrows indicate progression through the pathway. Deficiency (indicated by blocked red arrows) in any of the eight enzymes involved in the pathway may contribute to development of acute or chronic hepatic porphyrias or erythropoietic porphyrias, as shown in red. Abbreviations: Ac, acetate; AIP, acute intermittent porphyria; ALA, 5-aminolevulinic acid; ALADP, ALA dehydratase deficiency porphyria; CEP, congenital erythropoietic porphyria; copro'gen, coproporphyrinogen; EPP, erythropoietic protoporphyria; HCP, hereditary coproporphyria; HEP, hepatoreythropoietic porphyria; PBG, porphobilinogen; PCT, porphyria cutanea tarda; Pr, propionate; proto'gen, protoporphyrinogen; Uro'gen, uroporphyrinogen; Vi, vinyl; VP, variegate porphyria; XLPP, X-linked protoporphyria. 
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Afamelanotide for EPP EPP clinical expression varies, typically presenting in infancy or early childhood as a severe, immediate, painful photosensitivity upon first exposure to sunlight. 3, 4, 8 Cardinal clinical features of EPP and X-linked protoporphyria are summarized in Table 2 . Metal-free PP accumulating in the skin and dermal blood vessels undergoes a photodynamic reaction when skin is exposed to sun or visible light. This in turn leads to singlet oxygen (oxygen radicals) and likely other reactive oxygen species that produce tissue and blood vessel damage. Patients are most sensitive to blue light (380-420 nm), corresponding to what is known as the Soret band. Most patients develop stinging, prickling, and burning pain within minutes of exposure to sunlight, followed by erythema, edema, and occasionally petechiae, which can last for hours to several days. Unlike the typical features of other forms of cutaneous porphyrias, such as porphyria cutanea tarda, congenital erythropoietic porphyria (Günther's disease), and variegate porphyria, vesicles or bullae and hirsutism (especially on the face) rarely, if ever, occur in EPP, and the severity and chronicity of cutaneous changes is less severe. Nevertheless, chronic skin changes such as lichenification, pseudovesicles, and labial grooving can develop after multiple episodes of acute phototoxicity. [1] [2] [3] [4] 8 As PP is a lipophilic molecule excreted by the liver, hepatic manifestations of this disease may include cholelithiasis, cholestatic hepatitis, and pigmentary cirrhosis. 4, 5 Genetic studies have demonstrated two different patterns of inheritance in EPP caused by mutations in the ferrochelatase gene (FECH). 9, 10 In the majority of cases, photosensitivity is inherited in an autosomal recessive pattern, dubbed a "pseudo-dominant" pattern, in which a deleterious FECH mutation, which markedly decreases or eliminates FECH activity, is inherited in trans to a highly prevalent noncoding hypomorphic allele (FECH IVS3-48T >C).
9,10 Less common is an autosomal recessive inheritance, in which FECH mutations are present in the coding regions of both alleles. 8, 9 Acquired somatic mutations of FECH secondary to myeloid disorders are unusual causes of EPP. 4, 9, 11, 12 . Typically, the activity of FECH in clinically affected persons is 10%-30% of normal. 2, 3 In recent years, a closely related genetic disorder with a similar clinical and biochemical phenotype as EPP, namely, X-linked protoporphyria (XLPP, OMIM 300752), has been identified to occur when overproduction of PP is caused by gain-of-function mutations in the 5-aminolevulinate synthase-2 gene (ALAS2). ALAS2 encodes the initial enzyme of erythroid heme biosynthesis and is located on the X-chromosome, thus the name XLPP. 9, 10 In this form of the disease, FECH activity is normal, but PP is overproduced in developing red blood cells due to the excessive activity of ALAS2. [2] [3] [4] The molecular defects vary somewhat, but most commonly are related to a four base pair deletion in the C terminus of the ALAS2 gene (1706-1709 del AGTG). It remains unclear how and why such increases in PP production are not compensated by normal FECH activity with formation of greater amounts of heme or zinc PP. Indeed, there may be other pathogenic factors, such as inadequate supplies of iron ( Figure 2) . 13 In XLPP, levels of PP in red blood cells and plasma are often very high, and the proportion that is the zinc chelate is also high (up to 40%-50% zinc PP). The risk of development of PP hepatopathy in XLPP may be greater than in EPP.
Natural history and prognosis of EPP and X-linked protoporphyria
Most patients with porphyrias suffer from life-long moderateto-intense immediate photosensitivity ( Figure 3 , Table 2 ). Severity depends upon the nature of the genetic defects, which impacts the levels of PP in red blood cells, plasma, skin, and other tissues, and also upon the complexion and natural skin pigmentation of the patients. For example, deeply pigmented persons of African descent are less severely affected than fair skinned, freckled, redheaded persons of Celtic or Nordic descent. With time, patients with EPP or 
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Lane et al XLPP learn to avoid sunlight or other strong light source to alleviate the severe sequelae of excess sunlight exposure. Thus, they restrict their outdoor activities during the day (10 am-5 pm). Those with darker complexions often find that by gradually increasing their sun exposure (or even tanning bed exposures) early in the spring seasons, they are able to increase their tolerance. For most patients, though, their lives are marked by chronic limitations.
1-4
Roughly 1%-3% of subjects develop PP hepatopathy with clinical and laboratory evidence of progressive liver injury ( Figure 4 ). As might be anticipated, any intercurrent conditions that cause cholestasis, such as biliary obstruction, acute viral or cholestatic hepatitis or drug-induced liver injury, and alcoholic hepatitis, may exacerbate their underlying PP disease. Development of PP gallstones at early age is especially frequent, and many require laparoscopic cholecystectomy before the age of 40 years. [1] [2] [3] [4] Those who develop PP hepatopathy may sometimes be "rescued" with plasma or red blood cell exchange transfusions and/or with infusions of intravenous heme.
14-16 Some require liver transplantation, resulting in improved hepatic and clinical status. However, because the PP overproduction 
Notes:
The two isozymes for ALAS are encoded by separate genes (ALAS1 on chromosome 3 and ALAS2 on the X chromosome), and provide ALA for eventual heme for hemoproteins and other cellular needs. The genes are uniquely induced and repressed in varying tissues.
2,55 (A) The C terminal polypeptide sequence of human ALAS2 with mutation sites (red) known to contribute to XLPP. (B) bp sequence of human ALAS2 spanning known deletion (red) polymorphisms resulting in gain of function. The truncated bp sequences of the XLPP mutants are also displayed with amino acid substitutions. (C) Differential location and regulation of ALAS1 vs ALAS2 are reflected in the potential resulting porphyrias manifested when there is uncontrolled upregulation of the respective genes. Heme markedly downregulates (red) ALAS1, acting at several different levels. 2 In contrast, heme has little if any down-regulatory effect on ALAS2, but this gene is upregulated by iron acting through iron regulatory proteins to increase translation and downregulated by lack of iron in developing red blood cells, such that a balance is normally retained between PP synthesis and availability of iron for heme and hemoglobin formation. 
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Afamelanotide for EPP originates in the bone marrow, liver transplantation is not curative in EPP or XLPP, unlike the acute porphyrias. Cure of the underlying condition requires successful bone marrow or hematopoietic stem cell transplantation. This may reasonably be considered in patients with very severe phenotypes or in those who have undergone or are being considered for liver transplantation, the former especially if they show evidence of recurring and progressive liver disease.
2-4

Overview of management options
Keys to the management of EPP/XLPP are summarized in Table 3 . In addition to the points already described regarding prevention and treatment of cholestatic conditions, oral β-carotene therapy (Lumitene ® , Tishcon Corporation, Westbury, NY, USA) has been used due to the pioneering work of Mathews-Roth et al. 17, 18 For β-carotene to have an effect, a high daily dose is needed (~180 mg or more per day). This leads to a noticeable yellow hue to the skin (carotenemia), which many persons find objectionable. In addition, many patients do not find that β-carotene offers much benefit. In our experience, patients who have taken both β-carotene and afamelanotide have judged the latter to be much more effective in decreasing phototoxicity. Additionally, a proof-of-concept study has shown potential for colestipol as a therapeutic to improve sun sensitivity, presumably through the binding of intestinal PP. 19 Recently, Tu et al 20 suggested that cimetidine in high daily doses (30-40 mg/kg body weight per day) was of some benefit in children with EPP. Its use seems to have been predicated upon earlier reports that cimetidine inhibits certain isoforms of cytochrome P-450 and ameliorated acute porphyria in rodent models and in scattered case reports in humans with acute intermittent porphyria. [21] [22] [23] [24] On the basis of the different sources of excess heme precursors in acute hepatic porphyrias (liver) vs in EPP/XLPP (bone marrow), and on the lack of demonstrable effects of cimetidine on FECH or 
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Lane et al ALAS2 activities, it seems doubtful that cimetidine would benefit patients with EPP or XLPP. Perhaps there may be some effects on inflammatory effector pathways, related to histamine, which are blocked by high doses of cimetidine.
Questions and concerns about the preliminary report of Tu et al 25 have already been raised. Mild anemia, often with iron deficiency, is common in EPP/XLPP. 2, 6 One might anticipate that such deficiency would exacerbate clinical disease due to increased accumulation of PP, which is not converted to heme by FECH, owing to a lack of the necessary iron substrate. Indeed, several case reports have been published showing improvement in symptoms and decreases in PP levels in patients treated with iron supplements. [26] [27] [28] However, there is controversy in the field regarding the efficacy of iron therapies. Limited evidence shows that some EPP patients had lower red blood cell (RBC) PP levels when they were iron deficient, 28, 29 while others noted improvements with iron-replacement therapy. 13, 26, 27, 30, 31 It was recently shown that subjects with EPP or XLPP are able to absorb iron well from the gastrointestinal tract and lack inappropriately high levels of hepcidin. 32 The role of iron therapy in EPP/XLPP thus remains less than certain and is in need of further study. Perhaps, only a subset of patients will show a favorable response. Currently, it is not clear what factors may influence response to iron therapy.
Review of the pharmacology and mechanism of action of afamelanotide
is an analog of human α-melanocyte-stimulating hormone (α-MSH), the naturally occurring hormone that stimulates the synthesis of melanin. 33, 34 First described in 1980, afamelanotide is a synthetic tridecapeptide that differs from human α-MSH at the fourth and seventh amino acids, where norleucine and d-phenylalanine replace methionine and l-phenylalanine, respectively ( Figure 5) . 35, 36 These changes confer unique biological properties including resistance to enzymatic degradation, prolonged plasma half-life, and increased duration of action allowing afamelanotide to emerge as a potent melanocortin ligand. 35, 37 Afamelanotide mirrors the activity of α-MSH by binding to the G-protein coupled melanocortin 1 receptor (MC1R) that is present in dermal cells, including melanocytes, to activate melanogenesis. 36 When the MC1R is stimulated by α-MSH, melanin synthesis transitions from the less protective yellow-red pheomelanin to more protective brown-black eumelanin. 33, [38] [39] [40] Eumelanin provides photoprotection by absorbing and scattering visible and ultraviolet (UV) light, scavenging free radicals and reactive oxygen species, and functioning as a neutral density filter capable of equal reduction of transmission of all wavelengths of light. 33, 34, 39, 41 Afamelanotide stimulates eumelanin synthesis independent of exposure to UV radiation, as opposed to endogenous α-MSH, which is produced in response to UV damaged skin cells to prevent further damage. 40, 41 First demonstrated to induce skin pigmentation and tanning in the early 1990s, afamelanotide increases eumelanin density in normal subjects as well as patients with EPP or XLPP. [40] [41] [42] [43] In normal volunteers, afamelanotide administration at a dose of 0.16 mg/kg/d subcutaneously induced tanning with an increase in the eumelanin: pheomelanin ratio in the absence of sun exposure (p=0.054), accompanied by significant increases in eumelanin at different anatomical sites. 40 In a study of healthy Caucasian adult volunteers, afamelanotide administered subcutaneously at 0.16 mg/kg/d significantly increased melanin density (p<0.0001) and luminance (skin darkening; p<0.001) 
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Afamelanotide for EPP in all subjects, independent of sun exposure, as compared with placebo. 41 Additionally, afamelanotide reduced apoptotic sunburn cell injury by greater than 50% (p<0.001). 41 Consistent with these findings, in a Phase II study of five patients with EPP who received a subcutaneous afamelanotide implant designed to release the active drug slowly at a dose of 20 mg given at intervals of 60 days, skin melanin density was significantly increased from day 30 to day 120 compared to baseline (p=0.004). 43 Data from a Phase III crossover trial further supports these results in that two separate treatment groups of EPP patients receiving afamelanotide (16 mg subcutaneous) implants experienced increases in absolute melanin levels of 29.1% and 28.4%, respectively. 44, 45 Afamelanotide is administered subcutaneously, a route known to be effective for many proteins and peptide-based drugs, as the tridecapeptide does not penetrate the epidermis and it is rapidly degraded in the gastrointestinal tract when taken orally. 46, 47 Data regarding the pharmokinetics of afamelanotide are limited, and are lacking for its active or inactive metabolites. 48 With the current formulation of afamelanotide by Clinuvel Pharmaceuticals, once implanted, the majority of the active substance is released within 2 days and over 90% is released within 5 days. In most studies, afamelanotide plasma levels were below the level of quantitation by 10 days. 48 Although it has a half-life of between 30 and 50 minutes, the effect of the drug is seen for up to 60 days, albeit with reduction in efficacy often noted by approximately day [40] [41] [42] [43] [44] [45] , and the implant is fully resorbed within this time. 36, 48 Data regarding the use of afamelanotide in patients with renal or hepatic impairment, special populations (pediatric, adolescent, elderly), or in pregnancy or lactation are limited. 48 
Efficacy, safety, and tolerability of afamelanotide
A five-patient pilot study in Switzerland was the first to suggest the potential therapeutic benefit of afamelanotide for patients with EPP. 49 In subsequent Phase II, randomized, placebo-controlled studies conducted in the United States and Europe, afamelanotide significantly increased both patients' ability to experience pain-free sun exposure and their quality of life. 50 Additionally, these trials demonstrated favorable risk-safety profile and patient tolerability.
Since then, three Phase III trials have evaluated the effectiveness of afamelanotide as a therapeutic tool in the management of EPP (Table 4 ). In CUV017, one Australian and seven European centers performed a 12-month, randomized, double-blind, placebo-controlled Phase III crossover study that evaluated afamelanotide as a photoprotectant. 44, 45, 48 A total of 91 patients with EPP aged 18-70 years received alternating subcutaneous implants of either 16 mg afamelanotide or placebo once every 2 months for a total of six implants over 12 months (three afamelanotide and three placebo). 45 Treatment with afamelanotide was associated with a significant reduction in total number of days during which patients experienced cutaneous pain (p=0.0023), reduced average pain severity (p=0.0017), and significantly increased sun exposure (p<0.0001). 45 In CUV029, eight European centers performed a 9-month, randomized, double-blind, placebo-controlled trial consisting of two parallel treatment arms evaluating afamelanotide as a photoprotectant for patients with EPP. 34, 51 The primary end point was the number of hours of direct exposure to sunlight Ac -Ser -Tyr -Ser -Met -Glu -His -Phe -Arg -Trp -Gly -Lys -Pro -Val -NH 2
Ac -Ser -Tyr -Ser -Nle -Glu -His -DPhe -Arg -Trp -Gly -Lys -Pro -Val -NH 2
Figure 5
Structural differences between afamelanotide and α-melanocyte stimulating hormone. Notes: Afamelanotide differs from human α-MSH at the fourth and seventh amino acids, where norleucine replaces methionine (red) and d-phenylalanine replaces l-phenylalanine (red), respectively. These substitutions in the polypeptide confer unique biological properties, including resistance to enzymatic degradation, prolonged plasma half-life, and increased duration of action.
35,36
Abbreviations: CID, PubChem compound identifier number; α-MSH, α-melanocyte-stimulating hormone.
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Lane et al without pain, with a secondary end point evaluating quality of life. A total of 74 adult patients with EPP aged ≥18 years were randomly assigned to receive a subcutaneous implant of afamelanotide 16 mg (n=38) or placebo (n=36) every 60 days for a total of five implants. A significant increase in the duration of pain-free time in direct sunlight was seen in the afamelanotide group compared to the placebo group (median 6.0 hours vs 0.8 hours; p=0.005). Additionally, the patients who received afamelanotide had a significant reduction in phototoxic reactions (77 vs 146; p=0.04), a lower median and maximum pain score per phototoxic episode (p=0.035 and p=0.018), a faster recovery time from phototoxic reactions (p=0.04) and were able to spend more time in direct sunlight (p=0.005) without experiencing pain. 34, 51 Quality of life improved with afamelanotide therapy, with a significant difference (as measured by the EPP quality of life questionnaire) on days 120 (p=0.005) and 270 (p=0.011). 34, 51 In CUV039, seven centers in the United States performed a 6-month randomized, double-blind, placebo-controlled trial consisting of two parallel treatment arms evaluating afamelanotide as a photoprotectant for patients with EPP. 34, 52 The primary end point was the number of hours of direct exposure to sunlight without pain, with a secondary end point evaluating quality of life. A total of 94 adult patients (age >18 years) with EPP were enrolled; one withdrew prior to receiving any study drug. Among the remaining 93 subjects, 89 subjects in the intent-to-treat population were randomly assigned to receive a subcutaneous implant of afamelanotide 16 mg 
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Afamelanotide for EPP (n=46) or placebo (n=43) every 60 days for a total of three implants and completed the study. Four subjects dropped out due to diary card end points; three subjects were terminated early for not returning any diaries (one afamelanotide subject and two placebo subjects), and one subject was terminated who received all three doses but did not return any diaries or attend visit 4 (afamelanotide subject). A 70% increase in the duration of pain-free time in direct sunlight was seen in the patients who received afamelanotide (69.4 hours vs 40.8 hours; p=0.04). 34 However, there was no significant change in the total number of phototoxic reactions in patients who received afamelanotide as compared to placebo after 6 months (46 vs 43; p=0.60). 34 Quality of life improved with afamelanotide therapy, with a significant difference (as measured by the EPP quality of life questionnaire) on days 60 (p<0.001), 120 (p<0.001), and 180 (p=0.02). 34 Afamelanotide has been well tolerated in patients with EPP. In CUV029 and CUV039, the majority of adverse events that occurred during the study period were mild to moderate in severity; the most common side effects were headache, nausea, nasopharyngitis, and back pain. 34 Between-group differences in adverse events were unremarkable, save for mild hyperpigmentation at the site of afamelanotide implants (33% of patients) and a small number of patients reported moles that darkened while on afamelanotide. 34 There were no deaths in the study, and the four serious adverse events in the afamelanotide groups and two in the placebo groups were considered to be unrelated to the study drug. A longitudinal observational study supported a favorable safety profile. 53 The study followed 115 patients with EPP treated with a total of 1,023 afamelanotide implants over a period of up to 8 years at two porphyria centers (Italy and Switzerland). 53 Only minor adverse events were reported that were attributed to afamelanotide, consisting mainly of nausea and headache. 53 Two patients noted a new melanocytic nevus; one of them was removed by excisional biopsy and was negative for malignancy. 53 Concern has been raised regarding the potential for it to promote the development of melanoma. 34, 36 Several in vivo and in vitro studies have not shown a correlation between afamelanotide use and malignancy, and, in fact, have shown that melanoma cell proliferation is inhibited. 36 The primary risk factor for melanoma is ultraviolet B (UVB) radiation, which can induce DNA damage leading to a pro-proliferative state. 36 α-MSH increases eumelanin production and provides protection against melanoma by reducing exposure to UVB irradiation, scavenging oxygen free radicals produced after exposure to UVB radiation, and by stimulating DNA repair via MC1R signaling in response to α-MSH. 34, 36 Additionally, melanoma stem cells do not express the MC1R, and it is important to note that the elevated levels of melanin seen with melanoma are not the cause of melanoma. 36 Thus, it seems likely that afamelanotide will decrease the risk of development of malignant melanoma.
Afamelanotide has not been associated with immunogenicity during long-term administration in patients with EPP. 54 In 26 patients with EPP receiving long-term administration of afamelanotide (16-20 mg subcutaneous implants), antiafamelanotide IgG antibody levels were undetectable in 23 patients after up to 6 years of use with cumulative dosing between 32 and 408 mg. 54 Three patients had anti-α-MSH antibody levels (as measured by enzyme-linked immunosorbent assay [ELISA]) above the predetermined cutoff in this study, although the optical density values did not change remarkably after afamelanotide administration. 54 
Conclusion
In conclusion, EPP and XLPP are rare, usually inherited disorders of porphyrin and heme synthesis that are characterized biochemically by excessive production of PP. The cardinal clinical features are severe and near immediate photosensitivity following exposure to sunlight or other strong light in the visible spectrum. Development of symptomatic gallstones early in life is common. Because excess PP is potentially hepatotoxic, and is removed from the body by uptake into hepatocytes and secretion into the bile, a minority (1%-3%) of patients develop liver disease, which may lead to pigmentary cirrhosis, for which liver transplantation may be required. Cure of the disease requires bone marrow or stem cell transplantation, because developing red blood cells are the principal source of overproduction of PP. Management has previously depended upon preventing cholestatic disorders, such as viral hepatitis, alcoholic liver disease, drug-induced liver injury, as well as avoidance and protection from sunlight or other strong light. β-carotene and other oral agents have not proven of much benefit. Iron deficiency is common in EPP/XLPP, and therapy with iron has been reported to be of benefit in some patients, although there also have been claims of adverse effects of iron therapy. The role of iron replacement is in need of further careful study. Afamelanotide has proven effective to decrease photosensitivity and has been approved for use in the treatment of EPP/XLPP in the European Union and Switzerland. Clinuvel is currently seeking US Food and Drug Administration approval for use of afamelanotide in the United States. Based upon recent reports and the clinical experience of the senior author and other clinicians who
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Lane et al have used afamelanotide, it represents a positive therapeutic advancement in the management of EPP/XLPP, and we are hopeful that it soon will be approved for use in the United States and other non-European countries.
